To investigate the antioxidant and vascular protective effect of curcumin, principle curcuminoid (a natural phenol) of the popular Indian spice and traditional medicine turmeric, on vascular endothelial dysfunction subsequent to high glucose stress. Thoracic aortic rings, obtained from male wistar rats were mounted in an organ bath and isometric contraction recorded. Rings were preconstricted with phenylephrine (PE, 10 -5 M), endothelium dependent relaxation was observed by using acetylcholine (ACh) and endothelium independent relaxation was observed by using sodium nitroprusside (SNP). Proto porphorin IX zinc (ZnPPIX), a specific heme oxygenase-1 (HO-1) inhibitor, was used to evaluate the possible role of HO-1 enzyme. Methylene blue (MB), a non-specific guanylate cyclase (GC) inhibitor, was used to understand the possible role of GC enzyme in this protective action. After incubation with 44mmol/L of high glucose for 2hrs, the vascular relaxation responses to acetylcholine (Ach) (10 -8 to 10 -5 mol/L) were significantly decreased (Ach max. response NG: 85±3% versus HG: 64±2.7%, p<0.001, Student's t test) in vascular rings. Co-incubation with curcumin (CUR) (10 -11 mol/L) and high glucose reversed the high glucose induced vasodilation dysfunction (Ach max. response HG: 64±2.7%, p<0.001 versus HG+CUR: 82±1%, Student's t test). Protoporphyrin IX Zinc (ZnPPIX) (10 -6 mol/L) an inhibitor of HO-1 offset the protective effects of curcumin. Furthermore, GC inhibition with methylene blue (MB) (10 -6 mol/L) completely abolished the protective effects of curcumin. Curcumin could alleviate the high glucose induced acute endothelium dependant vascular dysfunction in rat thoracic aortic rings. Increased HO-1 activity and stimulation of GC may be proposed as a mechanism to account for this protective action of curcumin.
Introduction
Diabetes mellitus is known to produce alterations in vascular reactivity (Fang et.al, 2009 ). Evidence shows that high glucose causes severe injury of vascular endothelial cells through the oxidative stress pathways (Xiang et.al, 2006) . Endothelium dependent relaxations produced by acetylcholine and histamine in aortic rings precontracted with noradrenaline were significantly attenuated in non-insulin dependent diabetic aorta preparations (Altan et.al, 2002) . This vascular endothelial dysfunction (VED) may be due to glucose mediated vascular damage due to a hyperglycaemia induced process of superoxide over production by mitochondrial electron transport chain (Brownlee, 2001) . VED results in reduced activation of endothelial nitric oxide synthase (eNOS), reduced generation and bioavailability of nitric oxide (NO) and increased production of reactive oxygen species (ROS). The eNOS uncoupling in VED leads to eNOS mediated production of ROS that further damage the endothelial cells by up-regulating pro-inflammatory mediators (Balakumar et.al, 2009) .
Curcumin is derived from the rhizome of the plant turmeric (curcuma longa) and has been used as remedy for centuries on the south-east Asian continent. Curcumin has low toxicity and possesses antioxidant and anti-inflammatory properties. It was suggested that curcumin supplementation could improve diabetes-induced endothelial dysfunction significantly in relation to its potential to decrease superoxide production and PKC inhibition (Rungseesantivanon et.al, 2010) . Another study by Patumraj et.al (2006) revealed that curcumin might increase the effect of vitamin C in protecting the function of endothelial cells through its antioxidant and hypoglycaemic actions.
Heme oxygenase (HO), a heat shock or stress protein, is a rate-limiting enzyme in the conversion of pro-oxidant heam to biliverdin and carbon monoxide (CO). The products of heam catabolism serve regulatory and protective functions (Long et.al, 2001 ). Experiments revealed that there are two distinct forms of HO, which are HO-1 and HO-2. HO-1 is an inducible isoform activated during oxidative stress stimuli. Moreover, HO-1 has well known cytoprotective effects against oxidative injury and inflammation in vitro and in vivo. Treatment of endothelial cells with high glucose for 7 days was shown to decrease HO-1 activity and cell viability (Abraham et.al, 2003) . HO-1 upregulation in diabetic rats led to reduced ROS production and a decreased endothelial cell sloughing (Quan et.al, 2004) . It has also been reported that acute incubation with high glucose had no effects on HO-1 expression and H0-1 activity of the aorta (Meng et.al, 2009) , and also exposure to curcumin increased HO-1 activity in the vessels (Fang et.al, 2009 ). However, the mechanism underlying these protective effects is still uncertain.
Therefore, the present study aimed to investigate the mechanisms mediating the protective effect of curcumin on endothelial vasodilator dysfunction induced by high glucose.
Materials and Methods

Animals
Adult male wistar rats of weight 300 ± 25 g and age 10-15 weeks were supplied by the experimental biological unit of Glasgow Caledonian University (Glasgow, UK). Rats were allowed free access to water and food.
Drugs
Curcumin, phenylephrine (PE), acetylcholine (ACh), sodium nitroprusside (SNP), protoporphyrin IX zinc (ZnPPIX), and methylene blue (MB) were obtained from Sigma Aldrich, St. Louis, USA. Curcumin and ZnPPIX were prepared by dissolving in 0.5 mol/L NaOH, with pH adjusted to pH 7.4 with 0.1 mol/L HCl, diluted to final concentrations using physiological salt solution (PSS). In addition, ZnPPIX was prepared in the dark and protected from the light.
Preparation of aortic rings
Rats were sacrificed by stunning and cervical dislocation. The thoracic aorta was then quickly isolated and placed in cold physiological salt solution (PSS) solution of the following composition (in mmol/L): NaCl 120; NaHCO3 25; KH2PO4 1.2; MgSO4 1.2; KCl 4.5; CaCl2 1.25; glucose 5.5, pH 7.4. PSS solution was prepared fresh every day. The aorta was cut into 4-6 rings (2-3 mm in length), by using double headed scalpels calibrated previously with a micrometer, from each of the 3 own rats. Then rings were mounted in an organ bath system, filled with cold PSS initially, and then warmed gradually to 37 0 C to reduce the thermal shock and oxygenated (95% O 2 , 5% CO 2 ). Isometric tension was recorded with a force transducer (AD instruments). A passive tension of 2 g was applied to the rings, which were then allowed to equilibrate for 30 min, over which time the PSS solution was changed every 15 min. After equilibration, the rings were exposed to 60 mmol/L high potassium salt solution (KPSS: same as PSS but with sodium replaced with potassium on an equimolar basis) for three times to evoke maximal contractions. Then the rings were washed out 3 times with PSS and left to equilibrate for 30 min. After precontraction with PE (10 -5 mol/L), ACh (10 -5 mol/L) was added to the bath to check the integrity of the vascular endothelium. Only tissues that responded to ACh with a > 80% reduction of PEinduced contraction were considered to have an undamaged endothelium and carried forward to the experimental protocols.
Measurement of relaxation in rat aortic rings
Aortic rings were precontracted with 10 -5 mol/L PE. When the maximal contractile plateau was reached, increasing concentrations of ACh (10 -8 to10 -5 mol/L) or SNP (10 -9 to 10 -5 mol/L) were added cumulatively to the bath. Relaxant responses were expressed as the percentage decrease of the PE-induced contraction. The maximum effect (E max ) and the 50% effective concentration (EC 50 ) was determined from concentration-response curves and the pD 2 calculated as -log EC 50 .
Experimental set-up
Aortic rings (from six to eight rats) were subject to one of the following treatments with each ring exposed to one treatment only. 
Statistical analysis
Data was expressed as the mean ± Standard Error of Mean (SEM). Differences between means in different groups were tested for significance using Student's t test as required. Difference at level p < 0.05 was accepted as statistically significant using GraphPad Prism programme version 6.
Results
Effects of HG on ACh-induced relaxation in rat thoracic aortic rings
Vessels which gave more than 80% ACh (10 
Effects of HG on SNP induced relaxation in rat thoracic aortic rings
Addition of SNP completely relaxed aortic rings in control group. There was no significant change on SNP induced relaxation in HG group ( Figure: 2).
Effects of curcumin on HG induced acute relaxation dysfunction in rat thoracic aortic rings
Curcumin (10 -11 mol/L) had no effect on the concentration response curve of ACh in NG arteries (data not shown). However, co-incubation of aortic rings with curcumin (10 -11 mol/L) in HG for 2hr inhibited the HG induced decrease in ACh induced J. Phys. Pharm. Adv., 2013, 3(3):85-93 relaxation ( Figure: 3) . In the presence of 10 -11 mol/L curcumin, HG E max was 82.10 ± 0.85% and pD 2 was 6.83 ± 0.05 (max. response, p<0.001 Vs HG alone)
Role of HO-1 in curcumin protective actions against HG-mediated vascular dysfunction
The HO-1 inhibitor, ZnPPIX (10 -6 mol/L), had no effect on ACh induced relaxation in NG arteries (data not shown) and the co-incubation of aortic rings with ZnPPIX + HG didn't alter the concentration response curves to ACh compared with HG alone (Figure: 4) . However, ZnPPIX (10 -6 mol/L) reversed the protective effect of curcumin on acute HG induced vascular endothelial dysfunction in aortic rings (Figure: 5) . In presence of ZnPPIX + Curcumin + HG group, E max was 51.88 ± 0.61 % and pD 2 was 6.75 ± 0.13 (max. response, p<0.001 Vs the curcumin + HG group).
Role of guanylate cyclase in protective action of curcumin against acute vascular vasodilation dysfunction induced by HG
Co-incubation of MB with curcumin and HG completely abolished the protective actions of curcumin on HG induced vascular dysfunction in the aortic rings ( Figure: 6 ). In the MB + curcumin + HG group, E max was 3.43 ± 0.30 % and pD 2 was 6.28 ± 0.75 (max response, p<0.001 Vs the curcumin + HG group). 
** * Discussion
Abnormal endothelial function plays an important role in the pathogenesis of diabetic complications. As there is no auto regulatory pathway for high glucose transport, intracellular hyperglycaemia can cause serious metabolic dysfunction in both micro vascular and macro vascular tissues (Hermas, 2007) . It has been reported that endothelium dependent ACh induced relaxations were reduced in diabetic mice; however, there was no difference observed for endothelium independent SNP induced relaxation between diabetic and non-diabetic mice (Miilke et.al, 2008) . The current investigation revealed that 2hr HG incubation decreased endothelial dependent ACh relaxation in PE precontracted aortic rings. This could be caused by the glucose induced impaired endothelial cell function. Vascular endothelial cell dysfunction in diabetes is believed to be associated with hyperglycaemia induced intraand extracellular glycation of proteins and to over production of oxidants and free radicals produced by glucose (Figarola et.al, 2007) . Curcumin is a potent antioxidant and could protect against oxidative stress (Farombi et.al, 2007) . These reports suggests that curcumin prevents high glucose induced oxidative stress by inhibiting lipid and protein oxidation and reversing impaired antioxidant enzyme activity in various organs of streptozotocin induced diabetic rats (Sharma et.al, 2006) . Curcumin, in fact, neutralizes active oxygen species including superoxide and hydroxyl radicals. In renal epithelial cells, curcumin has been reported to inhibit lipid peroxidation resulting in protection against the cytotoxic action of hydrogen peroxide (Cohly et.al, 1998) . However, little is known about whether curcumin protects against acute vasodilator dysfunction of the vasculature induced by hyperglycaemia. The results of the present study showed that co-incubation of rings with curcumin + HG for 2hr reversed the HG-induced reduction of vasodilator function, indicating that curcumin protects large blood vessels from endothelial injury induced by high glucose. The specific protective mechanism of curcumin against high glucose induced injury is not yet clear. Since, curcumin possesses potential anti-oxidative properties, it might protect against high glucose induced acute dysfunction of the vasculature through its antioxidative properties. HO-1 is well known for its cytoprotective effect against oxidative injuries and inflammation in vitro and in vivo (Slebos et.al, 2003) . Over-expression of HO-1 plays a protective role in ischemia/reperfusion injury (Perrella and Yet, 2003) . Treatment of endothelial cells with high glucose for 7 days was shown to decrease HO-1 activity and cell viability (Abraham, 2004) . HO-1 up-regulation in diabetic rats led to reduced ROS production and a decreased endothelial cell sloughing (Quan et.al, 2004) . It has also been reported that acute incubation with high glucose had no effects on HO-1 expression and H0-1 activity of the aorta (Meng et.al, 2009) , and also exposure to curcumin increased HO-1 activity in the vessels (Fang et.al, 2009 ).
In the present study, the protective effects of curcumin on the vasculature was offset by a HO-1 inhibitor, suggesting that HO-1 and its products are involved in the protective effects of curcumin against HG induced vasodilator dysfunction. It has been demonstrated that exposure of bovine aortic endothelial cells to curcumin results in a concentration and time dependent increase in HO-1 mRNA and protein expression, as well as heme oxygenase activity (Motterlini et.al, 2000) . Currently, it is believed that there are two possible mechanisms of HO-1 protection: CO and bilirubin production. There are abundant reports that CO is involved in HO-1 activity. CO has been shown to be an important signalling molecule and protects tissues against injuries induced by several types of stress. Motterlini et.al (2000) reported that HO-1-derived CO or CO-releasing molecules CORM-3 could cause vasodilation in precontracted rat aortic rings, attenuate coronary vasoconstriction in hearts ex vivo, and reduce acute hypertension responses in vivo via activation of cGMP (Foresti et.al, 2004) . In our study, HO-1 could alleviate the high glucoseinduced impairment of vasodilation via CO, which has been implicated in the control of vascular tone in a manner similar to that for nitric oxide. It has been reported that up-regulation of HO-1 could increase superoxide dismutase (SOD) protein expression and reduce ROS production in rat thoracic aorta (Turkseven et.al, 2005) . In this study it was also observed that ZnPPIX reversed the protective action exerted by curcumin on HG induced VED ( Figure: 5) revealing that, HO-1 derived CO might be involved in improved vasodilation response via activation of GC-cGMP path way. This is further supported by inhibitory effect of MB on curcumin actions. Another way of HO-1 related protection is through bilirubin. Bilirubin is a cytoprotective agent that can ameliorate VCAM-1-mediated airway inflammation through suppressing VCAM-1-stimulated ROS generation (Keshavan et.al, 2005) . Bilirubin could also prevent oxidative injury in vascular smooth muscle cells (Clark et.al, 2000) . So, it is also speculated that the vascular protection of HO-1 in our study was possibly partially from the antioxidant property of bilirubin. Further studies are required to evaluate the possible role of bilirubin in this protective action.
Conclusion
In conclusion, the present investigations have provided evidence that curcumin protects against HG induced endothelium dependent vasodilator dysfunction by a mechanism likely to involve heme oxygenase-1 (HO-1) and guanylate cyclase (GC).
